Measurements of the ground-state nuclear spins, magnetic and quadrupole moments of the copper isotopes from 61 Cu up to 75 Cu are reported. The experiments were performed at the ISOLDE facility, using the technique of collinear laser spectroscopy. The trend in the magnetic moments between the N = 28 and N = 50 shell closures is reasonably reproduced by large-scale shell-model calculations starting from a 56 Ni core. The quadrupole moments reveal a strong polarization of the underlying Ni core when the neutron shell is opened, which is however strongly reduced at N = 40 due to the parity change between the pf and g orbits. No enhanced core polarization is seen beyond N = 40. Deviations between measured and calculated moments are attributed to the softness of the 56 Ni core and weakening of the Z = 28 and N = 28 shell gaps.
I. INTRODUCTION
A key question in nuclear structure research is the persistence of so-called magic numbers when moving away from stability. Nuclei near closed shells are important testing grounds for shell-model theories and have therefore attracted considerable experimental and theoretical research interest. A particularly interesting region is around the magic number of Z = 28 protons, as it ranges from the doubly-magic 56 Ni on the neutrondeficient side of the nuclear chart towards the neutronrich doubly magic 78 Ni, 14 isotopes away from stability. Furthermore, it includes the semi-magic sub-shell closure at N = 40, which is related to the parity change between the pf shell and the g 9/2 orbital [1] [2] [3] [4] . The nickel region has been investigated extensively in the last decade both theoretically and experimentally. On the neutrondeficient side, where protons and neutrons occupy the negative-parity pf orbits, it has been shown experimentally [5, 6] and theoretically [7, 8] that the 56 Ni core is rather soft. Excitations of protons and neutrons across the N = Z = 28 shell closure from the f 7/2 orbital into the higher pf orbits are needed to reproduce the magnetic moments of the 2 + states in the even 58−64 Ni isotopes [5] . Of special interest in the region are the groundstate properties of the copper isotopes, which are dominated by a single proton coupling to the underlying nickel core. Magnetic moment measurements of odd-A Cu isotopes have been performed over a very broad range, from N = 28 up to N =46 [6, [9] [10] [11] [12] [13] [14] . On the neutron-deficient side, excitations of nucleons from the f 7/2 orbit across the spin-orbit magic numbers N = Z = 28 are needed to reproduce the observed moments for the πp 3/2 ground states [6, 12] , as shown by the calculations in the full pfshell [8] . On the neutron-rich side, the inversion of the ground-state structure from πp 3/2 -dominated to πf 5/2 -dominated was established by the measured ground-state spins of 73, 75 Cu [14] . In this region the strong interaction between the f 5/2 protons and the g 9/2 neutrons plays a crucial role [15, 16] . This has been taken into account in two effective shell-model interactions which span the p 3/2 f 5/2 p 1/2 g 9/2 model space (often abbreviated as the f 5pg9 model space) based on a 56 Ni core [17] , and which reproduce the odd 69−75 Cu magnetic moments fairly well [14] . However, an increasing deviation was observed towards 73 Cu, which is suggested to be due to missing proton excitations across Z = 28. Indeed, calculations starting from a 48 Ca core can reproduce nearly perfectly the experimental odd-A Cu magnetic moments beyond N = 40 [18] . In this paper, we report on the measured magnetic moments and quadrupole moments of isotopes between 61 Cu and 75 Cu. The moments and spins of nuclear ground and long-lived isomeric states were determined using high-resolution collinear laser spectroscopy. With this method, each of these observables could be deduced in a model-independent way from the measured hyperfine spectra in the 3d 10 4s 2 S 1/2 → 3d 10 4p 2 P 3/2 transition for atomic copper. A review of recent developments on laser spectroscopy can be found in [19] . In order to extend the measurements towards the neutron-deficient and neutron-rich sides of the valley of stability, the sensitivity of the optical detection has been enhanced by more than two orders of magnitude, by using a bunched ion beam produced with the recently installed gas-filled linear Paul trap (ISCOOL) [20, 21] . The data are compared to shell-model calculations using a 56 Ni core. The experiment has been performed at the collinear laser spectroscopy setup COLLAPS at ISOLDE, CERN. Radioactive isotopes were produced by 1.4-GeV protons impinging on a 45 g/cm 2 thick uranium carbide target. The average proton beam current was 1.8 µA. Radioactive atoms were transported from the heated target through effusion and diffusion processes to a thin capillary tube, where they were step-wise ionized by the Resonance Ionization Laser Ion Source (RILIS). This was achieved in a two-step excitation scheme using the 327.4 nm 3d 10 4s 2 S 1/2 → 3d 10 4p 2 P 1/2 transition, followed by a 287.9 nm transition into an auto-ionizing state [22] . The ions were then accelerated and massseparated, using either the general purpose isotope separator (GPS) or the high-resolution isotope separator (HRS). The calibration of the acceleration voltage is described in [23] . The copper ions were overlapped with the laser beam in the COLLAPS beam line by electrostatic deflectors (Fig. 1) . The ions were neutralized in a sodium charge-exchange cell heated to approximately 220 • C. Subsequently, the atom beam could be resonantly excited from the 2 S 1/2 atomic ground state to its 2 P 3/2 state with a transition wavelength of 324.754 nm. The fluorescence was observed with two photomultiplier tubes (PMTs). Instead of scanning the laser frequency, a tunable post-acceleration voltage of ±10kV was applied to the charge-exchange cell to obtain the resonance condition for the neutral copper atoms via Doppler tuning. A summary of the experimental beamtimes is given in Table I . Typical A Cu beam intensities observed during the three experimental runs are shown in Fig. 2 . As for most exotic isotopes the beam current was too small to be recorded with the Faraday cup, the beam intensities were determined from the experimental efficiency as follows. For a stable 65 Cu beam, the experimental efficiency was given by:
II. EXPERIMENTAL SET-UP AND PROCEDURE
with N COLLAPS the amount of resonant photons per second observed in the strongest hyperfine component with the photomultiplier tubes, and N FC the ions per second as observed by a Faraday cup placed after the mass separator. This experimental efficiency, which was typically 1:10000, was then used to calculate the production rate for the other isotopes given in Fig. 2 . In the first two runs, the radioactive beam was accelerated to 50 keV and mass separated by the GPS. With a continuous ion beam, the optical detection of the resonant fluorescence was limited to ion beams of several 10 6 pps, due to stray light from the laser beam. After installation of the linear gas-filled Paul trap ISCOOL [20, 21] behind the HRS, measurements could be extended to more exotic isotopes with rates of a few 10 4 pps. With ISCOOL the ions were trapped for typically 100 ms, and then released in a short pulse with a temporal width of ∼25 µs. By putting a gate on the PMT photon counting, accepting counts only when a bunch passed in front of the PMT, a reduction of the non-resonant photon background by a factor of 4000 is achieved. This greatly improved the quality of the observed resonances, reduced the scanning time significantly and allowed investigation of more exotic isotopes. An example is given in Fig. 3 during the experiments using the GPS (circles and squares) and using HRS (triangles). The limit for laser spectroscopy measurements before installation of the ISCOOL device is indicated with a solid line, the current limit is shown by a dashed line. erence isotope was scanned during each scan of a radioactive isotope, by fast switching the mass selection of the GPS magnet. Because the mass change with the HRS magnets is not fast enough, during experiments with the ISCOOL buncher the frequency of the dye laser was locked to the iodine line at 15406.9373 cm −1 using frequency modulation saturation spectroscopy. The exact frequency was measured with a Menlo systems frequency comb, and a frequency drift of less than 500 kHz (or 2·10 −5 cm −1 ) was observed during the experiment. A Spectra-Physics Wavetrain external cavity frequency doubler was used for second harmonic generation. A typical value of the laser power in the beamline was 1-2 mW.
III. RESULTS
Laser spectroscopy allows an accurate determination of magnetic moments and spectroscopic quadrupole moments, as well as isotopic changes in the mean square charge radius. In free atoms, the electronic levels are split with respect to their fine-structure energy by the hyperfine interaction, according to
with the quantum number F given by F=I+J, I being the nuclear and J the electronic angular momentum, and
A = µBJ IJ depends on the nuclear magnetic moment µ, with B J the magnetic field of the electrons at the position of the nucleus. B = Q s V zz is related to the spectroscopic quadrupole moment Q s , with V zz the electric field gradient created by the atomic electrons at the nucleus.
V zz is only non-zero in atomic states with J >1/2. In order to be able to extract the quadrupole moment, the 2 S 1/2 → 2 P 3/2 transition was therefore used in the measurements reported here. This transition is also sensitive to the nuclear spin. The sign of the nuclear moment is determined from the measured hyperfine spectrum, as shown in Fig. 4 [14, 28] . 
Fitting of the spectra was done with Lorentzian functions assuming equal widths and with the peak intensities as free parameters. The relative peak positions were constrained by equation (2) . The other fit parameters were the hyperfine parameters A( 2 S 1/2 ), A( 2 P 3/2 ), B( 2 P 3/2 ) and the center of gravity of the hyperfine structure. The fit was performed with an assumed value of the nuclear spin. A ROOT script employing the standard MINUIT fit package was used to fit the spectra. The fitting uncertainties on the parameters were multiplied by the square root of the reduced chi-squared of the fit. For most isotopes several independent measurements were performed, in which case the weighted average of the individual results was taken, and the error on the weighted average was taken as:
with σ fit the statistical error on the weighted average due to the fitting uncertainties on the individual spectra, σ the standard deviation of the weighted average and N the number of independent scans. For almost all results, σ fit was larger than σ/ √ N . A systematic error corresponding to an uncertainty on the acceleration voltage was taken into account, however it was significantly smaller than the statistical error. The results for all isotopes and isomers are listed in Table II . The values for the stable isotopes 63, 65 Cu are in agreement with the literature values [26, 27] .
As the hyperfine anomaly between 63 Cu and 65 Cu was estimated to be less than 5·10 −5 [29] , which is an order of magnitude less than our measurement accuracy, the ratio of the hyperfine parameters A(
) is expected to be constant across the isotope chain, provided the correct nuclear spin has been assumed. This is illustrated in Fig. 5 for the nuclear spins given in Table II. All experimental ratios are in agreement with the literature value of 30.13(2) [26, 27] , which is indicated by the horizontal bar. Fitting with a different nuclear spin assumption led to a significant deviation from this average ratio, and allowed to firmly establish the groundstate spins of the exotic isotopes 71−75 Cu [14, 28] . The deduced spins for the other isotopes are in agreement with the literature values [30] . For the odd-odd isotopes 62,64,66 Cu, the statistics in the spectra did not allow a fit with a free ratio of A-parameters, and these spectra were fitted with the ratio fixed to 30.13.
From the A and B factors in Table II , we can determine the magnetic dipole and electric quadrupole moments of the isotopes and isomers relative to those of a reference isotope:
We −19.5(4) efm 2 [9, 26, 27] . The deduced magnetic dipole and electric quadrupole moments are shown in Table III and compared to earlier results. All values presented here (except for 66 Cu) are in agreement with literature, but in most cases the precision has been greatly improved. For 66 Cu the sign of the magnetic moment was previously incorrectly assigned, and was found to be positive instead of negative [9] . As shown in Fig. 4 for 64,66 Cu, the sign of the magnetic moment determines the ordering of the hyperfine levels, which is observed directly through the intensity and position of the resonances. For 68 Cu and 70 Cu, low-lying isomers were observed, which were previously identified [24, 31, 32] . Their moments were measured with in-source laser spectroscopy yielding values with very low precision because only the ground-state splitting was resolved [31, 33] . The results of [33] are shown in table III, as the errors in [31] appear to be underestimated. With the technique of collinear laser spectroscopy all transitions can be resolved (Fig. 6) . In that way, the error on the magnetic moments is reduced by three orders of magnitude and the quadrupole moments can be obtained as well.
IV. DISCUSSION
The experimental moments over the long chain of copper isotopes from N = 28 to N = 46 are a good testing ground for theoretical calculations as they span a broad range in neutron number. The most neutron-rich isotopes require the inclusion of the νg 9/2 orbital in the model space for shell-model calculations, increasing drastically the dimensionality of the problem. For the isotopes up to 69 Cu, it has been shown that the full pf shell is sufficient to describe their ground-state magnetic moments [6] . That is because a single-particle excitation to the νg 9/2 orbital is forbidden due to the parity change.
Several effective shell-model interactions have been developed for the pf shell (see [7] for an overview). The most recent one, GXPF1 and its modifications [7, 8] Ni core, with copper isotopes having one proton outside the magic Z = 28 shell. Beyond 57 Cu28 up to 79 Cu50, the negative parity neutron orbits 2p 3/2 , 1f 5/2 , 2p 1/2 and the positive parity 1g 9/2 are filled, from the N = 28 to the N = 50 shell gap across the N = 40 harmonic oscillator sub-shell gap.
Here, we will compare the moments of the full copper chain with calculations in an extended model space including the g 9/2 orbital. Two effective shell-model interactions have been developed for the f 5pg9 model space starting from a 56 Ni core (Fig. 7) , excluding excitations of protons and neutrons across N = Z = 28. The jj44b interaction is determined by fitting single particle energies and two-body matrix elements to data from the nickel and copper chain and data along the N = 50 isotones [36] . This interaction should thus give rather good results for the copper isotopes presented here. The JUN45 interaction on the other hand, has been fitted to experi- mental data of 69 nuclei with masses A=63 to A=96 in the upper pf shell, excluding all nickel and copper isotopes [17] . In the latter study its aim was to investigate the effect of the missing f 7/2 orbital on the calculated nuclear properties in this region. Comparing the calculated magnetic and quadrupole moments, as well as the low-level structure of the copper isotopes with our experimental data will provide a good test for this study. A recent calculation with an effective interaction in an extended pf g 9/2 model space, starting from a 48 Ca core [18] , very well reproduced the experimental magnetic moments of the odd-A Cu isotopes beyond N = 40, while the two above models (jj44b, JUN45) based on the 56 Ni core overestimated the 71,73 Cu magnetic moments [14] . Also, the observed steep lowering of the 1/2 − level towards 75 Cu was reproduced in [18] , while not in [14] . This indeed suggests the need for including proton excitations across Z = 28 in order to describe correctly the properties of the neutron-rich Cu isotopes.
In the next section we will discuss the properties of the odd-A Cu isotopes, whose ground-state moments are dominated by the odd proton occupying either the πp 3/2 or πf 5/2 level. The second part of the discussion will focus on the properties of the odd-odd Cu isotopes, which are entirely dependent on the coupling of the single proton to neutrons in the f 5pg9 space.
The odd-A Cu isotopes
The nuclear g-factor is a dimensionless quantity related to the magnetic moment via the nuclear spin:
with µ N the nuclear magneton. The g-factor is very sensitive to the orbital occupation of the unpaired nucleons [37] .
In Fig. 8 the odd-A Cu g-factors are compared with the results from both interactions. The experimental gfactors for
57 Cu (N = 28) and 69 Cu (N = 40) are closest to the effective single particle value for a πp 3/2 configuration. This suggests magicity at N = 28 and N = 40. Indeed, in magic nuclei the ground state wave function can be approximated by a pure single particle configuration and so its g-factor will correspond to that of the pure configuration. The fact that N = 40 appears here as a magic number, with the properties of a shell closure, is not only related to the magnitude of the energy gap between the νp 1/2 and the νg 9/2 single particle levels. The magic behavior is mostly due to the parity change, which does not allow M1 excitations from the negative parity pf orbits into the positive parity νg 9/2 orbital.
The fact that a rather large reduction of the effective single particle value is needed to reproduce the exper- [17] . An effective spin g-factor of 0.7g s,free was adopted.
imental g-factors is because small contributions of M1-excitations of the type (f −1 7/2 f 5/2 ) 1 + have a strong impact on the experimental g-factor. The fact that calculations without such excitations do not reproduce the experimental values towards N = 28 (as in Fig. 8 ) is an indication that the N = 28 gap is not very large. This was already known from earlier studies [5, 8] . Indeed, the experimental g-factors of the neutron-deficient Cu isotopes are very well reproduced with the GXPF1 shell model interaction in the full pf space [6, 8] , which include proton and neutron excitations across N = 28. Note that in this pf model space, only a minor reduction of the g s factor is needed (0.9g s,free ) to reproduce the experimental moments.
On the neutron-rich side of N = 40, there is an unusually large discrepancy between theory and experiment for 73 Cu, but not for 75 Cu. This is probably because excitations of protons from the π1f 7/2 level become increasingly important from N = 40 onwards, as the gap between the π1f 5/2 and the π1f 7/2 levels decreases under the influence of the tensor force when the 1g 9/2 neutron orbit gets filled [15, 18] . The g-factor of 75 Cu is then well reproduced without including such proton excitations, because the I = 5/2 ground state of 75 Cu is dominated by a single proton in the 1f 5/2 orbit, thus blocking the (πf −1 7/2 f 5/2 ) 1 + mixing into the wave function.
The experimental energy levels for the odd-A Cu isotopes are compared with jj44b and JUN45 interactions in Fig. 9 . The 3/2 − state is the ground state for most isotopes, dominated by a proton in the π2p 3/2 level. The spin inversion of the ground state from 3/2 − to 5/2 − at 75 Cu, dominated by a proton in the π1f 5/2 level [14] , is correctly reproduced by both interactions. The lowering of the 1/2 − level however is not so well reproduced, which might be attributed to missing proton excitations from the πf 7/2 level, as illustrated in [18] One of the questions raised in this region of the nuclear chart, is related to the onset of collectivity beyond N = 40. The spectroscopic quadrupole moment is an ideal parameter to probe collectivity and reveal if the shape of nuclei strongly evolves when the number of available neutron correlations increases towards mid-shell, between N = 28 and N = 50. As the jj44b and JUN45 interactions assume inert 56 Ni and 78 Ni cores, proton and neutron effective charges have to be used that take into account these limitations in the model space. Experimental quadrupole moments were used to fit the effective proton and neutron charges (e π and e ν ), considering that the spectroscopic quadrupole moment is given by:
where Q p and Q n are the contributions to the calculated spectroscopic quadrupole moments from protons and neutrons, respectively. For the JUN45 interaction, all known quadrupole moments in the model space have been taken into account and the best result was obtained for e π =+1.5e, e ν = +1.1e [17] . The same effective charges have been adopted here to calculate quadrupole moments with the jj44b interaction, as the two interactions are active in the same model space. For both calculations a harmonic oscillator potential was used with a mass dependent energy defined as: This dependence was also used in [17] to fit the effective proton and neutron charges. If the alternative formula for the oscillator energy is used:
the calculated quadrupole moments are about 5% larger, and thus the fitted effective charges would be slightly lower. Note that in [42] , the calculations with JUN45 and jj44b have both been performed using (10) for the oscillator parameter. In Fig. 10 the calculated proton and neutron contributions (Q p and Q n ) to the spectroscopic quadrupole moments are shown for the two interactions (values given in Table IV ). From Fig. 10 it is seen that the proton quadrupole moments of configurations dominated by a πp 3/2 proton are rather constant across the chain, which illustrates that in this case the proton-neutron correlation does not strongly affect Q p . In the neutron-rich isotopes, dominated by a πf 5/2 ground-state configuration, the proton quadrupole moment is more sensitive to this proton-neutron interaction. The trend is the same for both interactions, though the absolute proton quadrupole moments are slightly larger with jj44b. For the neutron quadrupole moments, a significant difference between the two calculations is seen in the region of the N = 40 subshell gap. While both calculations show a strong core polarization when adding neutrons to N = 28 or removing them from N = 50, the reduction at N = 40 is more pronounced for the jj44b interaction. The strong increase in core polarization beyond N = 40, observed for the jj44b interaction, is missing for the JUN45 interaction. This is an indication that the N = 40 gap is too small in the JUN45 effective interaction.
In Fig. 11 the experimental values are compared to calculated spectroscopic quadrupole moments. A reasonable agreement is observed for both calculations. The trend is however better reproduced by the jj44b interaction, which is clearly related to the stronger corepolarizing effect in the neutron quadrupole moments. When neutrons are added or removed from N = 40, the IV: Experimental and calculated quadrupole moments. The proton and neutron contributions to the theoretical quadrupole moment (Qp and Qn) are given separately. Q theo is obtained with effective charges eπ = +1.5e, eν = +1.1e. Mass number Table IV . The neutron contribution is responsible for the observed core polarizing effect when moving away from N = 40.
experimental moments reveal a strong core-polarization effect. This core polarization is similar on both sides of N = 40: the 65,67 Cu and 71,73 Cu spectroscopic quadrupole moments are the same within error bars. No increased collectivity is observed on the neutron-rich side, as suggested by recent measurements of the B(E2) transition rates in the underlying nickel isotopes [43, 44] . In order to compare the core polarization in 75 Cu to that of the other copper isotopes, we calculate the core quadrupole moment. This is done by taking the difference between the spectroscopic (experimental or calculated) value (Q s ) and the single particle moment (Q s.p. ) for the odd proton: (color online) The measured spectroscopic quadrupole moments compared with shell-model calculations.
The single particle quadrupole moment (Q s.p. ) for the 3/2 − states is taken as the calculated effective moment for 57 Cu, while the 5/2 − single particle moment is the calculated effective value for 79 Cu. Indeed, these isotopes have no valence neutrons and thus Q s.p. = e π Q p (see Table IV for values from jj44b and JUN45). The deduced experimental and calculated core polarizations are shown in Fig. 12 . The experimental core polarization in 75 Cu is the same as in 63 Cu, so again no enhancement of collectivity is observed towards the neutron rich isotopes. The jj44b interaction reproduces very well the trend in the core polarization. It seems to slightly overestimate the core polarization in 75 Cu, but data on the more neutron-rich isotopes are needed to confirm this. Towards the neutron-deficient side, the core polarization seems underestimated in 61 Cu. However, a more precise experimental value and more precise determination of the effective proton charge is needed to establish this firmly. For the JUN45 interaction, the core polarization is largely underestimated in all isotopes away from 67,69 Cu, both when adding and when removing neutrons from N = 40. Adjusting the effective charges does not improve the agreement with experiment.
The even-A Cu isotopes
The structure of the even-A copper isotopes is dominated by the coupling between the odd proton in one of the π2p 3/2 1f 5/2 2p 1/2 orbits and an unpaired neutron in one of the available neutron orbits. This is illustrated well by comparing the experimental g-factors for the 1 + , 2 + and 2 − states in 58−74 Cu with empirical values calculated with the additivity relation for moments [37] , using experimental g-factors of neighboring even-odd nickel and zinc, and odd-even copper isotopes: (Table III , solid circles) are compared with empirical g-factors using the additivity relation for simple proton-neutron configurations. The positive sign of the 66 Cu value reveals a strongly mixed ground-state wave function.
(12) For example, the possible empirical moments for the 1 + state in 66 Cu for a πp 3/2 coupling to a νp 1/2 , νf 5/2 or νp 3/2 , are calculated using the experimental g n factors of the 1/2, 3/2 and 5/2 states in Zn [9] and for g p the average was taken between the g-factors of 65 Cu and 67 Cu. As shown in Fig. 13 , the comparison of these empirical g-factors with the experimental values provides an indication for the purity of the state.
58 Cu and 60 Cu are clearly dominated by a (πp 3/2 ⊗νp 3/2 ) configuration, while 62 Cu and 64 Cu have a dominant (πp 3/2 ⊗ νf 5/2 ) structure, as already concluded in [35] . The sign of the 66 Cu g-factor was determined to be positive, in contrast to the literature value (see Table III ). This illustrates that 66 Cu has a strongly mixed ground state, with a significant occupation of the νp 1/2 orbital. The 1 + states in 68 Cu and 70 Cu show a (πp 3/2 ⊗ νp 1/2 ) character, as expected. For the neutron-rich isotopes 72,74 Cu, the ground-state spin was measured to be I = 2 [28] , and from the measured negative sign of the magnetic moment it was concluded that the ground state must have a dominant (πf 5/2 ⊗ νg 9/2 ) configuration. Indeed, the empirical magnetic moment of this configuration is in agreement with the observed value (see Fig. 13 ).
In 68,70 Cu the experimental g-factors of the 3 − and 6 − states are consistent with a proton in the 2p 3/2 level coupled to a neutron in the g 9/2 orbit (compare µ emp (3 − ) = −2.85 and µ emp (6 − ) = +1.44 to the experimental values in Table III ). This configuration gives rise to a (3, 4, 5, 6) − multiplet, where the 6 − state forms the ground state in 70 Cu and is isomeric in 64−68 Cu, due to excitation of a neutron across the N = 40 shell gap. The energies of these isomeric states are thus a good probe for the strength of the N = 40 shell gap. In Fig. 14 we compare the lowest experimental energy levels with the calculated level schemes for both interactions. Due to the very high level density, especially in the neutronrich isotopes, only the lowest experimental levels and the relevant calculated ones are shown for clarity.
With the JUN45 interaction, the energy of the 6 − level in 68 Cu is calculated about 300 keV below the observed value. In 66 Cu this level is calculated even 500 keV below the experimental value (at 661 keV, compared to 1154 keV experimentally (not shown in figure) ). This supports the assumption that the N = 40 gap is too small in the JUN45 interaction. The energies of the 6 − levels calculated with jj44b are respectively 826 and 899 keV, which are 100 keV above and 250 keV below the experimental level energies in 68,66 Cu.
Note that for most of the odd-odd isotopes neither theory predicts the correct level to be the ground state. In order to compare the calculated moments to the experimental ones, we have taken the calculated values from the lowest level with the correct spin (indicated by a bold line in Fig. 14) . For 72 Cu the experimental moments were best reproduced with the JUN45 interaction by the moments for the second 2 − level [28] . This illustrates the strong sensitivity of nuclear moments to the exact composition of the wave function. That level has a dominant (πf 5/2 ⊗ νg 9/2 ) configuration, while the lowest 2 − level has a dominant (πp 3/2 ⊗νg 9/2 , σ = 3) configuration, with moments that do not agree with the observed value [28] . The fact that the 2 − 2 level at 645 keV is the real ground state, suggests that in the JUN45 interaction the effective single particle energy of the πf 5/2 level is probably too high in 71 Cu.
In Fig. 15 actions. The jj44b interaction is very successful in predicting the g-factor trend for the odd-odd Cu isotopes, both for gs and isomeric states. The agreement with the JUN45 results is also reasonable. Only for the 66 Cu ground state, the two theories significantly overestimate the observed value. As can be concluded from the empirical g-factors in Fig. 13 , this is because a too large νp 1/2 contribution is predicted to occur in the wave function. Such a contribution is certainly present, but not as much as given by the shell-model calculations.
Finally, we compare the quadrupole moments of the odd-odd Cu isotopes with the calculated values from both models, as shown in Fig. 16 . The same effective charges have been used as for the odd-A Cu isotopes. The jj44b interaction successfully reproduces all quadrupole moments, except for those of the 2 − levels in 72, 74 Cu where the deviation is somewhat larger. The JUN45 interaction calculates the quadrupole moments fairly well, but it gives a wrong sign and too large a magnitude for the quadrupole moment of the 66 Cu gs. This is in line with the g-factor trend, where it was concluded that the νp 1/2 occupation in 66 Cu is overestimated in this calculation. An increased νp 1/2 occupation allows for enhanced neutron pairing correlations in the νp 3/2 f 5/2 levels and so for extra collectivity, leading to too large a quadrupole moment.
V. SUMMARY
In summary, the technique of collinear laser spectroscopy in combination with the ISCOOL buncher, has been successfully applied to determine the spin, magnetic and quadrupole moments of the ground states and longlived isomeric states in the 61−75 Cu isotopes with some yields as low as 10 4 pps. The g-factors and quadrupole moments of the odd-A Cu isotopes show an apparent magic behavior at N = 40, which is strongly related to the parity change between the pf shell orbits and the g 9/2 level. Therefore this magic behavior cannot be interpreted only in terms of the energy gap at N = 40.
The experimental results have been compared to largescale shell-model calculations starting from a 56 Ni core, using two effective shell-model interactions with protons and neutrons in the f 5/2 pg 9/2 model space. On both sides of N = 40, the calculations overestimate the measured magnetic moments of the odd-A Cu isotopes. Because spin-flip excitations of the type (f −1 7/2 f 5/2 ) 1 + have a very strong influence on the magnetic moment of a state, even if this configuration contributes only one percent to the wave function [13] , the overestimated g-factors are an indication that excitations across Z, N = 28 should be included in the model space. The collectivity and the onset of core polarization between N = 28 and N = 50 has been probed by the quadrupole moments of the odd-A Cu ground states. Comparison of the experimental core quadrupole moments with the calculated ones shows that the jj44b interaction correctly reproduces the observed core polarization when moving away from N = 40, while the JUN45 interaction systematically underestimates the onset of collectivity.
The moments of the odd-odd Cu isotopes are very sensitive to the proton-neutron interaction and configuration mixing, and provide a more severe test to the calculations. The jj44b interaction reproduces very well (within a few %) all of the observed magnetic and quadrupole
